lishing size-specific mass for most secondary production methods, 5) they allow for more comprehensive comparisons of invertebrate populations within and between habitats and ecosystems, and 6) they provide more energetically based response variables for asking questions about interspecific relationships (Benke 1993).
The Given the paucity of specific regressions for North America, a more comprehensive update and inventory of length-mass regressions is needed. Thus, the purpose of this paper is to present a compilation of length-mass relationships for North American macroinvertebrates, to evaluate some of these relationships, and to make the equations available to others. Much of this compilation is possible because, in the course of conducting studies on secondary production, we have accumulated many such equations over the past 30 y. We present many unpublished equations that primarily focus on species found in the southeastern USA. We also include as many published length-mass relationships as we could find in the literature to make our presentation for North America more complete. We have exercised some discretion in our selection of regressions from the literature. The ability to convert DM to AFDM and vice versa would be very useful to investigators who may wish to use any of these equations. Furthermore, it is of biological interest to determine whether there are differences in ash content among invertebrates with different feeding modes and among major taxonomic groups. We therefore separated those organisms with AFDM equations into functional groups (filtering collectors, scrapers, shredders, gathering collectors, and predators; Merritt and Cummins 1996), and calculated mean values of % ash. We also calculated mean % ash for major taxonomic groups.
Published equations and selection criteria
We established several restrictive criteria in the selection of published regressions: 1) Equations must have been based on the power model described above. 2) Mass must have been expressed as either DM or AFDM. Regressions based on live (= wet) mass were not included. 3) Dry mass must have been determined from either fresh animals or animals preserved in formalin. 4) There was sufficient information about the units of the linear dimension and mass, and whether standard procedures were followed (e.g., type of preservative used). 5) Equations obtained from the literature made biological sense. Published equations that generated unrealistic numbers and that could not be corrected were excluded.
We attempted to present the same statistics for the literature values as for our original equations. However, although many published regressions included n and r2, most did not include standard errors of a and b. All equations are presented using mg for DM and mm for length; other units (e.g., g, cm, jm) were converted to these standard units to obtain the final form of the equation. We used a one-way analysis of variance (ANOVA) and, if significant, a Tukey-Kramer test to compare the mean values of b among major insect and crustacean orders.
Homogeneity of variances was tested with Bartlett's test. For those orders in which b was not significantly different, the same statistical test was followed for the a value (prior to analysis, all a values in AFDM regressions 1st were converted to DM). Tests of the a value were restricted to orders with no differences in b values because of the likelihood that a is not independent of b. ANOVA and Tukey-Kramer tests also were used to compare mean values of b for head width among insect orders, and to compare differences in % ash content among different functional feeding groups and among major taxonomic groups.
Although we focus on the need for genusand species-level regressions, some investigators may require the use of family-level regressions. Such regressions might be useful when genuslevel regressions are unavailable, or when individuals are identified only to the family level. To provide such equations, we estimated mean values of a and b for equations based on total body length for each insect family, and other major groups. All a values based on AFDM first were converted to DM.
Results

Regression equations
We present a total of 442 new and published regressions based on either total body length or a shorter dimension (e.g., head width) in Appendices 1, 2, and 3. Sixty-four families of aquatic insects and 12 families of other invertebrates are represented by at least 1 regression, with all but Empididae and Sciaridae (Diptera) having at least 1 genus-level equation per family (Table   1999] 311 Length ( Because there were no differences in mean b among insect orders and amphipods, we conducted the same multiple-comparison test to determine whether there were differences in a. All a values based on AFDM 1st were converted to DM. Although the highest mean values of a (Hemiptera and Plecoptera) were several times higher than the lowest value (Diptera), the variability within orders was too large to detect any significant differences among orders (Table  2, Fig. 2 ). Variances were heterogeneous for this ANOVA, even after data transformation. Therefore, data were reanalyzed using the GamesHowell method designed for cases when variances are heterogeneous (Sokal and Rohlf 1995). The results were the same as the original AN-OVA, with no differences among the mean a values. The variability of a within orders can be seen from examination of their coefficients of variation (CV), which ranged from 43 to 108%. In contrast, CV for b values ranged from only 5 to 13%.
The mean b for head-width equations using all insect orders was 3.111 ? 0.037 (n = 147, Table 3 ). However, b for head width differed more among orders than b for body length. Mean values of b for head width ranged from 2.8 (Diptera) to 3.3 (Ephemeroptera), and differences were highly significant (ANOVA, variances homogeneous, p < 0.001). Ephemeroptera b was significantly higher than values for Odonata, Megaloptera, and Diptera (Tukey-Kramer test). Trichoptera b was significantly higher than the value for Diptera.
No attempt was made to conduct statistical analyses on the equations for molluscs (Appendix 2) because the total number of species listed was relatively low, and the length dimension represented 3 different and therefore incomparable measures: maximum shell length, maximum shell width (gastropod only), or maximum shell width at aperture (gastropods only). Sixty-one family-level regressions for insect larvae were estimated ( 
Variability of mass for a given linear dimension
To illustrate the variability associated with individual length-mass regressions, we have chosen a holometabolous insect, the caddisfly Hydropsyche elissoma (Fig. 3) . It is apparent that the last 4 instars fall within a narrow range of headwidth values when plotting head width vs mass (Fig. 3A) . With each molt, dimensions of sclerotized body parts (e.g., head width) rapidly increased by -50%. The average caddisfly volume would therefore be expected to triple at molting (i.e., 1.53 -3), even though dry mass will decline slightly (from loss of exuviae). This prediction is consistent with the observation that variation of DM within an instar is -3-fold (Fig.  3A) . In spite of this clumping of head-width values and relatively large differences in mass within an instar, there was still a highly significant regression with narrow 95% confidence limits (CL) and a high r2. In contrast, the body length plot for the same species showed no clumping of instars (Fig. 3B) , probably because growth of the unsclerotized abdomen was more continuous than growth of the head. Nonetheless, r2 and 95% CL were similar for both regressions.
Percent ash
Percent ash was estimated for 80 of the regressions in Appendices 1, 2, and 3, and mean % ash was calculated for functional feeding groups and taxonomic groups. Mean values of % ash varied considerably among functional feeding groups (Fig. 4A) . Filtering collectors and scrapers had mean values ca 11-12%, shredders and gathering collectors ca 5-6%, and predators ca 3%, possibly indicating differences in the material ingested by species of different functional feeding groups. Although mean values of % ash were significantly different among functional groups (ANOVA, p < 0.05), the Tukey-Kramer test only found that the predator value was significantly lower than either scrapers or filtering collectors, and the other functional groups were not significantly different from one another (square root arcsin transformation of percentages, variances homogeneous).
Mean values of % ash varied from only 4.0% to 8.5% among major insect orders (Fig. 4B) . Gastropoda, Decapoda, and Lepidoptera were noticeably higher (>17%), but the latter 2 only had a single measurement and could not be used in statistical analyses. Mean values of % ash were significantly different among those groups represented by >1 equation (ANOVA, p < 0.05, square root arcsin transformation of percentages, variances homogeneous). The mean % ash content for Plecoptera and Diptera was significantly lower than ash content for Trichoptera and Gastropoda (Tukey-Kramer test). The mean ash contents for Ephemeroptera, Coleoptera, and Trichoptera were not significantly different from one another, but all were significantly lower (4.0-8.5%) than the ash content for Gastropoda (18.9%, without shell).
Discussion
Our compilation and analysis of invertebrate length-mass regressions for North America en-
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INVERTEBRATE LENGTH-MASS RELATIONSHIPS abled us to describe the variability in such relationships within and among taxonomic groups, and to provide other investigators with equations that may prove useful in their own studies. Therefore, we will attempt to explain some of the observed variability and offer some guidance in the use of these equations.
Variability in length-mass constants among macroinvertebrates
Inspection of the equations for all invertebrate groups reveals that the exponent b is often close to a value of 3 (Appendices 1, 2, and 3). The shape of the animals and their specific gravity must remain exactly the same throughout larval development for the expected value of b to be exactly 3. However, the shape of virtually all aquatic invertebrates changes somewhat as they grow, and specific gravity does not remain constant. For insects, the mean value of b for body length is actually somewhat <3 for all orders (Table 2), most families (Table 4) There are 2 basic reasons why the mean value of b would be consistently <3: 1) insects become proportionately narrower as body length increases, or 2) specific gravity declines with size. Schoener (1980) noted that b values are usually <3 for length-mass regressions of terrestrial insects (mixed species) and suggested that this was caused by a tendency for longer species to be relatively thinner. Our 1st reason is somewhat different than Schoener's explanation because it applies to a larva changing shape as it grows rather than differences in shape among species of different adult lengths.
To illustrate why b values may be >3 or <3, we have created 6 hypothetical examples using cuboid shapes that grow through 4 size classes (Table 5) . In example 1, body shape remains constant with increasing size and b = 3, as expected. In contrast, example 2 shows that when width and height increase by a factor smaller than length (i.e., animal becomes narrower with increasing size), b < 3. Example 3 illustrates that when body shape remains constant (as in example 1), b will be <3 if specific gravity declines with size. We do not know whether progressive changes in shape or specific gravity are the most likely reasons for mean b values being <3 for most aquatic insects. Whichever is the case, however, it cannot apply to all taxa because some b values are >3 (Appendix 1).
The mean values of b for head width of insect orders may be >3 or <3 (Table 3) . One possible reason for head-width regressions having b values >3 (e.g., Ephemeroptera), is that head width might be proportionately higher in early instars than late instars. Example 4 in Table 5 illustrates an otherwise constant body shape, but a head width that is increasing at a slower rate than other body dimensions. Thus, the length-mass regression for head width has a b value >3. Where b < 3 (e.g., Diptera, Table 3 ), it suggests that head width may be proportionately smaller in early instars than in later instars.
It has been suggested that b is likely to be closer to a value of 2 for organisms that are relatively flattened; i.e., those that are more 2-dimensional than 3-dimensional (e. Decapods were unusual among all the invertebrate groups considered in that their b values for carapace length or total length were consistently >3 (Appendix 1, Table 2 ). As implied above, when b is >3 for any invertebrate, it may mean that it is becoming proportionately wider as length increases or that its specific gravity increases with size. In the case of decapods, however, it also may mean that their chelipeds increase in size more rapidly than their body length. Mason (1975) (Table 2) , and Hodar (1996) also were above our regression for aquatic insects. The higher mass predicted by regressions for terrestrial insects suggests either a higher specific gravity or a broader body than is found in aquatic insects. A higher specific gravity for terrestrial adults could be a result of heavier sclerotization. Alternatively, morphological differences between adults and larvae, such as the presence of wings and genitalia, could partially account for heavier adults. 
Variability of mass for a given linear dimension
It is important to recognize that when freshwater arthropods molt, they suddenly increase their body volume without increasing their DM (the cast exuviae actually represents a loss of mass). This phenomenon introduces variability into length-mass regressions, because animals collected for weighing may have just molted or be close to molting. Thus, animals of the same body dimensions may vary considerably in their DM. In spite of this natural variability, the value of b will not necessarily deviate from 3 unless there is a progressive change in average specific gravity with size.
Insect larvae belonging to the holometabolous orders (= Endopterygota) generally have greater within-instar variability in DM than those in the hemimetabolous orders (= Exopterygota 
Hutchinson et al. 1997).
To accomplish the large increase in mass after molting, much of the cuticle of holometabolous insects remains unsclerotized and undifferentiated. For example, when larval caddisflies molt, the initially soft cuticle of their heads rapidly reaches its instar-specific width and quickly hardens (Fig. 3A) , but the undifferentiated cuticle of their abdomen is somewhat extensible and facilitates more continuous growth and as much as a tripling of mass (Fig. 3B) . Sclerotized cuticle such as the head capsule is lost at molting, but the unsclerotized cuticle (i.e., endocuticle) is largely reabsorbed, which is energetically economical for larval development (Chapman 1982). In contrast to the Holometabola, most growth of the more completely sclerotized Hemimetabola occurs at molting when new soft cuticle is produced. 1, 2, 3, 4) to the next, 2) changing body shape in which width and height increase by a factor smaller than length, 3) constant body shape in which specific gravity declines with body size, 4) an equation based on head width, with a constant body shape, except that head width increases by a factor smaller than body length, 5) constant, but flattened, body shape in which all dimensions increase by a factor of 1.2, and 6) flattened body in which height is constant, but length and width increase by a factor of 1.2. Thus, it is important to recognize that the deviation of individual data points from the length-mass regression line (as indicated by r2) is partly the result of inherent variability within an instar rather than measurement error. Furthermore, using a length-mass regression to estimate mass for a single individual of a holometabolous taxon may result in a 50-100% error. For example, the highest value (2.65 mg) of the 5th instar used in the head-width regression for Hydropsyche elissoma is 71% higher than the value (1.55 mg) predicted by the regression (Fig.  3A) . Variation of mass within a hemimetabolous instar also can be substantive, but is likely to be smaller than for holometabolous orders. For example, Wenzel et al. (1990) warned that a 20% error from a length-mass regression can be expected because of within-instar variation in mass for Ephemeroptera. Considering such potential errors, caution should be exercised if such regressions are used for estimating mass of an individual animal. In contrast, their utility is greater for studies in which one is seeking a mean value for large numbers of animals found in a single length class.
Dry mass vs AFDM
We believe that equations based on AFDM are more accurate than those using DM (which includes ash content). The use of AFDM eliminates the possibility that some gut contents may contain inorganic materials or that inorganic silt may adhere to exoskeletons, biasing mass determinations with material that is not tissue. However, estimating AFDM is more time consuming than estimating DM, and most investigators do not go to the extra trouble. Whether the extra work involved is worth the effort is certainly debatable. Our % ash estimates (Fig. 4 (Fig. 4) (Table 4) . Family-level equations should be most representative when they are based on multiple taxa and a relatively high number of equations.
Order-level equations should be the last resort (Table 2) Table 2 , and individual values in appendices). We believe that the true relationship between length and mass probably falls reasonably close to 3 in most aquatic insects (i.e., >2.4 and <3.6). As indicated above, however, this generalization does not apply to crayfish whose b values are commonly >3.6. Therefore, we urge some caution in using any regression for insects in which b deviates considerably from these val- 
